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In this Supplemental Material we describe the evaluation of the matrix element of the second-order spin-orbit (SO)
interaction based on the ab initio (YbRb)+ interaction potentials computed in Ref. [1]. In Sec. I we derive the
relationship λSO(R) = − 23∆SO, where λSO(R) is the matrix element of the SO coupling in Eq. (1) of the main text
and ∆SO is the splitting between the relativistic electronic states of a0
− and a1 symmetries [1]. In Sec. II we evaluate
the matrix elements of the second-order SO interaction in the scattering basis defined in the main text. These matrix
elements are necessary to parametrize the coupled-channel equations [Eq. (2) of the main text].
I. SECOND-ORDER SO INTERACTION FROM AB INITIO CALCULATIONS
To obtain the phenomenological second-order SO interaction parameter λSO(R), consider the Σ = 0 and Σ = ±1
components of the a3Σ scalar-relativistic state of Yb+–Rb [1], for which Ω = Σ. In the absence of the magnetic dipole-
dipole interaction and the second-order SO interaction, these components are exactly degenerate. The perturbation
Hamiltonian responsible for the splitting is [2]
Hˆeffdip =
(
−α
2
R3
+ λSO(R)
)
[3Sˆaz Sˆbz − Sˆa · Sˆb], (1)
where α is the fine-structure constant, R is the distance between the atoms, Sˆi is the electron spin of atom i = a, b and
Sˆiz is the projection of Sˆi on the internuclear (molecule-fixed) axis. The second-order SO interaction is parametrized
by an R-dependent parameter λSO(R). The term proportional to 1/R
3 describes the contribution due to the magnetic
dipole-dipole interaction.
In general, both the second-order SO interaction and the magnetic dipole-dipole interaction enter the prefactor in
Eq. (1) and contribute to the splitting ∆SO = VΣ=0(R) − VΣ=1(R). However, because the magnetic dipole-dipole
interaction is not included in the ab initio calculations, the splitting between the potential energy curves of a0− and
a1 symmetries is due to the second-order SO interaction alone, and Eq. (1) can be written as
HˆSO = λSO(R)[3Sˆaz Sˆbz − Sˆa · Sˆb] = λSO(R)
√
6[Sˆa ⊗ Sˆb](2)0 , (2)
where we expressed the product of two Sˆz operators in tensor form (Ref. [3], Eq. 5.44) neglecting the constant terms,
which only cause an overall energy shift.
We take the angular momentum basis functions for the Σ = 0 and Σ = ±1 components of the triplet state to be
|(SaSb)SΣ〉 =
∑
Σa,Σb
[
Sa Sb S
Σa Σb Σ
]
|SaΣa〉|SbΣb〉, (3)
where [:::] are the Clebsh-Gordan coefficients.
Now we seek to evaluate the splitting between the expectation values of the SO Hamiltonian (2) over the basis
functions with the same total spin S = 1 but different Σ = 0, ±1
∆SO = 〈(SaSb)10|HˆSO|(SaSb)10〉 − 〈(SaSb)11|HˆSO|(SaSb)11〉, (4)
∗ Email: ttscherbul@unr.edu
2where it is understood that SA = SB = 1/2. To evaluate the matrix elements entering this expression, we first use
the Wigner-Eckart theorem to show that
〈(SaSb)SΣ|[Sˆa ⊗ Sˆb](2)0 |(SaSb)SΣ〉 = (−1)S−Σ
(
S 2 S
−Σ 0 Σ
)
〈(SaSb)S||[Sˆa ⊗ Sˆb](2)||(SaSb)S〉. (5)
The reduced matrix element can be evaluated using Eq. (5.68) of Ref. [3] to yield the result
〈(SaSb)SΣ|HˆSO|(SaSb)SΣ〉 =
√
30λSO(R)(−1)S−Σ
(
S 2 S
−Σ 0 Σ
)
(2S + 1)


Sa Sa 1
Sb Sb 1
S S 2


× [(2Sa + 1)Sa(Sa + 1)]1/2[(2Sb + 1)Sb(Sb + 1)]1/2. (6)
Substituting the values of Σ = 0 and 1, S = 1, and Sa = Sb = 1/2, and using Eq. (4), we find
〈10|HˆSO|10〉 = −λSO(R); 〈11|HˆSO|11〉 = 1
2
λSO(R) (7)
and hence
λSO = −2
3
∆SO. (8)
We note that this result is consistent with Eq. (13d) of Ref. [4], where the SO splitting is given by second-order
perturbation theory (neglecting the small contribution due to the 1Π state)
P1 = −|〈
3Σu,Ω=1|HSO|3Πu,Ω=1〉|2
V (3Πu, R)− V (3Σu, R) (9)
and the desired SO parameter (analogous to our λSO(R)) is given by Eq. (14) as V
SO
Ω=0(R) =
2
3P1.
Here, we evaluate ∆SO as the difference between the a0
− and a1 potential energy curves calculated by diagonalizing
the ab initio SO Hamiltonian matrix in the basis spanning all non-relativistic states of the (YbRb)+ complex correlating
to the Yb(1S) + Rb+(1S), Yb+(2S) + Rb(2S) and Yb(3P◦) + Rb+(1S) dissociation limits [1]. The approach thus
implicitly goes beyond the second-order approximation assumed in the above derivation.
II. MATRIX ELEMENTS OF THE SECOND-ORDER SO INTERACTION
In this section, we evaluate the matrix elements of the second-order SO interaction in the direct-product scattering
basis |φn〉 = |FamFa〉|FbmFb〉|lml〉
〈φn|VˆSO|φ′n〉 =
√
24π
5
λSO(R)
∑
q
(−1)q〈lml|Y2,−q(Rˆ)|l′m′l〉
× 〈(IaSa)FamFa |〈(IbSb)FbmFb |[Sˆa ⊗ Sˆb](2)q |(IaSa)F ′am′Fa〉|(IbSb)F ′bm′Fb〉, (10)
where Fi are the total angular momenta of the Rb atom (i = a) and the Yb
+ ion (i = b), l is the orbital angular
momentum for the collision, and mFi and ml are the projections of Fi and l on the magnetic field vector (which sets
a space-fixed quantization axis). To simplify the notation, we will heretofore omit the indices referring to the electron
and nuclear spins of the atom and the ion (Ia, Sa and Ib, Sb) except when necessary to avoid confusion, since these
angular momenta remain unchanged in a collision.
By the definition of the tensor product, the second line in Eq. (10) can be factorized as
∑
qa,qb
(−1)q
√
5
(
1 1 2
qa qb −q
)
〈FamFa |(Sˆ(1)a )qa |F ′am′Fa〉〈FbmFb |(Sˆ
(1)
b )qb |F ′bm′Fb〉, (11)
3where (Sˆ
(1)
a )qa and (Sˆ
(1)
a )qa are the spherical tensor operators composing the tensor product. The matrix elements of
these operators over the hyperfine basis functions |FamFa〉 can be obtained as follows. First, we use the Wigner-Eckart
theorem [3] to write
〈(IaSa)FamFa |(Sˆ(1)a )qa |(IaSa)F ′am′Fa〉 = (−1)Fa−mFa
(
Fa 1 Fa
′
−mFa qa m′Fa
)
〈(IaSa)Fa||Sˆ(1)a ||(IaSa)F ′a〉 (12)
and similarly for the matrix element of (Sˆ
(1)
b )qb . The double-bar matrix element on the right-hand side is [3]
〈(IaSa)Fa||(Sˆ(1)a )||(IaSa)F ′a〉 = (−1)Ia+Sa+Fa+1[(2Fa + 1)(2F ′a + 1)]1/2
{
Sa Fa Ia
F ′a Sa 1
}
〈Sa||Sˆ(1)a ||Sa〉, (13)
where {...} is a 6-j symbol and 〈Sa||Sˆ(1)a ||Sa〉 = [(2Sa + 1)Sa(Sa + 1)]1/2 [3]. We thus get
〈(IaSa)FamFa |(Sˆ(1)a )qa |(IaSa)F ′am′Fa〉 = (−1)Ia+Sa+2Fa−mFa+1[(2Fa + 1)(2F ′a + 1)]1/2[(2Sa + 1)Sa(Sa + 1)]1/2
×
(
Fa 1 F
′
a
−mFa qa m′Fa
){
Sa Fa Ia
F ′a Sa 1
}
. (14)
Similar expressions follow for the matrix element of (Sˆ
(1)
b )qb .
Using the standard integral over three spherical harmonics [3]
〈lml|Y2,−q(Rˆ)|l′m′l〉 = (−1)ml
[
(2l + 1)5(2l′ + 1)
4π
]1/2(
l 2 l′
0 0 0
)(
l 2 l′
−ml −q m′l
)
(15)
and collecting all the terms, we obtain the matrix element of the second-order SO interaction as
〈φn|VˆSO|φ′n〉 = λSO(R)(−1)Ia+Sa+Ib+Sb+2Fa+2Fb−mFa−mFb+ml
√
30[(2l + 1)(2l′ + 1)]1/2[(2Sa + 1)Sa(Sa + 1)]
1/2
× [(2Sb + 1)Sb(Sb + 1)]1/2[(2Fa + 1)(2F ′a + 1)]1/2[(2Fb + 1)(2F ′b + 1)]1/2
{
Sa Fa Ia
F ′a Sa 1
}{
Sb Fb Ib
F ′b Sb 1
}
×
∑
q
(
l 2 l′
0 0 0
)(
l 2 l′
−ml −q m′l
) ∑
qa, qb
(
1 1 2
qa qb −q
)(
Fa 1 F
′
a
−mFa qa m′Fa
)(
Fb 1 F
′
b
−mFb qb m′Fb
)
. (16)
It follows from the symmetry properties of the 3-j symbols that qa = mFa − m′Fa , qb = mFb − m′Fb , and q =
qa+qb = ml−m′l. These equalities reflect the fact that the basis functions with different the total angular momentum
projections M = mFa +mFb +ml are not coupled by the SO interaction (or any other interaction in the Hamiltonian,
see Eq. (1) of the main text). Thus, as expected, M remains a good quantum number for ion-atom collisions in a
magnetic field.
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We present accurate ab initio and quantum scattering calculations on a prototypical hybrid ion-
atom system Yb+-Rb, recently suggested as a promising candidate for the experimental study of
open quantum systems, quantum information processing, and quantum simulation. We identify
the second-oder spin-orbit (SO) interaction as the dominant source of hyperfine relaxation in
cold Yb+-Rb collisions. Our results are in good agreement with recent experimental observations
[L. Ratschbacher et al., Phys. Rev. Lett. 110, 160402 (2013)] of hyperfine relaxation rates of trapped
Yb+ immersed in an ultracold Rb gas. The calculated rates are 4 times smaller than predicted by the
Langevin capture theory and display a weak T−0.3 temperature dependence, indicating significant
deviations from statistical behavior. Our analysis underscores the deleterious nature of the SO
interaction and implies that light ion-atom combinations such as Yb+-Li should be used to minimize
hyperfine relaxation and decoherence of trapped ions in ultracold atomic gases.
PACS numbers:
The exquisite controllability of trapped atomic and
molecular ions is key to their use in emerging quantum
technologies, including quantum information processing
[1], quantum simulation [2, 3], and precision mea-
surement [4, 5]. They also serve as ideal prototype
systems for exploring quantum decoherence [6, 7], many-
body physics [2, 3], ultracold chemistry [8, 9], and
astrochemistry [10]. In particular, hybrid ion-atom
systems consisting of trapped ions immersed in an
ultracold gas of neutral atoms display a remarkably rich
dynamical behavior [7–9, 11–17]. Several experimental
groups have observed thermalization, inelastic relaxation,
chemical reactions, and three-body recombination to
occur in ultracold collisions of Yb++Yb [13], Yb++Ca
[14], Yb++Rb [7, 8, 11, 12], Ca++Rb [15], Ba++Ca [16],
and Ba++Rb [17]. A major goal of these experiments
is to achieve sympathetic cooling of the ion by using
ultracold atoms as a cooling medium [18, 19].
In a recent experimental realization of such a hybrid
ion-atom system, Köhl and co-workers immersed a single
trapped Yb+ ion in an ultracold cloud of spin-polarized
Rb atoms [7, 8, 11, 12]. While momentum-changing
collisions with ultracold Rb atoms led to efficient cooling
of the heavy ion, Köhl et al. observed unexplainably
rapid spin relaxation and decoherence [7]. As both
the ion and the atom were initially prepared in their
fully spin-polarized internal states, these surprising
results suggest the presence of an efficient spin-changing
mechanism, which destroys spin coherence and prevents
quantum information storage in the ion’s internal degrees
of freedom. The observation of large relaxation and
decoherence rates [7] casts doubt on the suitability of
hybrid ion-atom systems for quantum information and
precision measurement applications. It remains unclear,
however, whether the observed relaxation and coherence-
destroying mechanisms [7] are universal or specific to the
Yb+-Rb system.
Accurate quantum scattering calculations based on
ab initio interaction potentials reported for several ion-
atom systems [20–22] provide valuable insight into the
mechanisms of cold ion-atom collisions and enable the
development of multichannel quantum defect models [23]
and semiclassical approximations [24, 25]. Useful as
they are, these calculations do not take into account
spin-nonconserving interactions, such as the magnetic
dipole and second-order SO interactions, which play an
important role in collisions of highly magnetic [26, 27]
and heavy [28, 29] neutral atoms, causing rapid two-
body losses similar to those observed experimentally for
Yb+-Rb [7]. The long-range polarization interaction
leads to a large number of partial wave contributions
to ion-atom scattering even at the lowest collision
energies attainable in current experiments (∼100 mK).
The spin-nonconserving interactions break the rotational
symmetry of the scattering problem and couple the
partial wave states with the spin states of the ion-atom
collision complex [29, 30], dramatically increasing the
computational complexity of the calculations. As a
result, the effects of these interactions on ultracold ion-
atom collisions remain completely unexplored.
Here, we report accurate quantum scattering calcula-
tions on the prototypical heavy ion-atom collision system
Yb+-Rb studied in recent experiments [7]. We solve
the ion-atom quantum scattering problem exactly using
state-of-the-art ab initio molecular potentials and SO
coupling matrix elements of the (YbRb)+ complex [31].
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Fig. 1: Scalar-relativistic interaction potentials for Yb+-Rb of
1Σ and 3Σ (full lines) and 3Π (dashed line) symmetries and
the second-oder SO coupling [blue (grey) line] as a function
of R. The inset shows the magnetic field dependence of the
lowest hyperfine energy levels of 171Yb+ and 87Rb (Zeeman
splittings are exaggerated for clarity). The initial states
chosen for scattering calculations are highlighted in color.
We obtain quantitative agreement with the measured
relaxation rates for 171Yb+-Rb collisions and identify the
second-order SO interaction as the dominant source of
rapid collisional spin relaxation. These results demon-
strate that modern ab initio and quantum scattering
calculations can predict the collisional properties of hy-
brid ion-atom systems with quantitative accuracy. They
strongly suggest that light ion-atom combinations such as
Yb+-Li, where the second-order SO interaction is much
weaker, should be used in experimental applications that
require long spin relaxation and coherence times, such
as quantum information processing, quantum simulation,
and precision measurement.
The quantum spin dynamics in Yb+-Rb collisions is
described by the Hamiltonian [20, 21, 28]
Hˆ = −
1
2µR
∂2
∂R2
R+
Lˆ
2
2µR2
+ Hˆa + Hˆb + Vˆ (R)
+
√
24π
5
[
−
α2
R3
+ λSO(R)
]∑
q
Y ⋆2q(Rˆ)[Sˆa ⊗ Sˆb]
(2)
q , (1)
where Sˆi are the electron spins of Rb (i = a) and
171Yb+ (i = b), µ is the reduced mass of the Yb+-Rb
collision complex, R is the internuclear separation, Lˆ is
the orbital angular momentum of the complex, and Rˆ
describes the orientation of the complex in the laboratory
frame with the quantization axis z defined by the
magnetic field vector B. The asymptotic Hamiltonian
of atom i in Eq. (1) is Hˆi = γiIˆi · Sˆi + 2µB · Sˆi
[20, 21, 28], where Iˆi is the atom’s nuclear spin, Vˆ (R) =∑
S,MS
VSMS (R)|SMS〉〈SMS | is the interaction potential
which depends on the total spin Sˆ = Sˆa + Sˆb of the
collision complex and its projection MS on the B-field
axis, and α is the fine structure constant. Figure 1
shows the relevant Yb+-Rb potentials of 1Σ+ and 3Σ+
symmetry (correlating to the Yb+(2S)-Rb(2S) limit)
obtained from high-level ab initio calculations [31]. These
potentials are accurate enough to yield collision-induced
charge transfer (CCT) rates in quantitative agreement
with experiment [11, 31–33]. The collisional processes of
interest here occur on timescales much shorter than CCT
(≪10 s), so we neglect the weak coupling to the ground
X1Σ+ state of Yb-Rb+ [11, 31].
An essential new aspect of this work, as compared to
the previous theoretical studies of ion-atom collisions [20–
22], is the presence of the R-dependent SO interaction
[the last term in Eq. (1)] between the 3Σ+ and 1Σ+
states, which does not conserve the total spin of the
collision complex and causes inelastic transitions in spin-
polarized Yb+-Rb collisions [28, 29]. This interaction
arises in the second order due to first-order couplings
between the ground Σ and excited Π states. As shown in
Fig. 1, the 3Π state, which correlates to the Yb+(3P )-
Rb(2S) limit, crosses the potentials of both the 1Σ and 3Σ
states at short range, leading to a resonant enhancement
of the second-order SO coupling. The magnitude of
this coupling is proportional to the splitting between the
relativistic 3Σ+0 and
3Σ+1 components of the
3Σ+ state,
as described in the Supplemental Material [35].
We solve the ion-atom quantum scattering problem by
expanding the stationary eigenfunctions of the Hamil-
tonian (1) in direct-product basis functions φn(Rˆ) =
|FamFa〉|FbmFb〉|lml〉, where |FimFi〉 are the atomic
hyperfine states and |lml〉 are the eigenstates of Lˆ
2 and
Lˆz. The radial expansion coefficients Fn(R) satisfy a
system of coupled-channel (CC) equations
[
d2
dR2
−
l(l+ 1)
R2
+ 2µE
]
Fn(R)
= 2µ
∑
n′
〈φn|Vˆ (R) + Hˆa + Hˆb + VˆSO|φn′〉Fn′(R), (2)
where E is the total energy and VˆSO stands for the
second-order SO interaction [the last term in Eq. (1)].
The matrix elements of the interaction potential and Hˆi
in Eq. (2) are calculated as described elsewhere [34]
whereas those of VˆSO are derived in the Supplemental
Material [35].
The CC equations (2) are solved numerically at fixed
total angular momentum projectionM = mFa+mFb+mℓ
on a grid of R ∈ [3, 3 × 104]a0 with a grid spacing of
0.01a0. All basis states with l ≤ 40 are included in
scattering calculations to produce converged results in
the experimentally relevant range of collision energies of
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Fig. 2: Inelastic rate constant for the |11〉 → |00〉 transition
in Yb+ induced by collision with Rb (|2, 2〉). Full line –
theory (present work); circle with error bars – experiment
[7], dashed line – Langevin rate scaled down by a factor of
2.8 for clarity. The shaded area shows the uncertainty arising
from the inaccuracies in ab initio interaction potentials.
40-240 mK [7], leading to a total of 1276 channels for
M = 0. Scattering boundary conditions are applied after
reaching the outer end of the integration grid to extract
the scattering S-matrix elements, which are used to
compute the total (M -summed) scattering cross sections
and transition rates.
Figure 2 shows the calculated inelastic rate constant
for the |1, 1〉 → |0, 0〉 hyperfine transition in Yb+ induced
by collisions with spin-polarized Rb at B = 6 G. First,
we observe good agreement between the calculated and
measured rates [7]. At T = 150 mK, the calculated
rate is 4 times smaller than the Langevin collision rate
[36], kL = 2π
√
C4/µ = 2.1 × 10
−9 cm3/s. Second,
the exact quantum rate displays a weak T−0.3 temper-
ature dependence whereas the ion-atom Langevin rate
is temperature-independent [7], indicating significant
deviations from statistical behavior in ultracold Yb+-Rb
collisions. Third, as both Yb+ and Rb are fully spin-
polarized prior to collision, the large magnitude of the
inelastic rate can only be caused by a spin-nonconserving
interaction. Test calculations show that omitting the
magnetic dipole interaction from the Hamiltonian (1)
does not change the results, leading us to conclude that
it is the second-order SO interaction that is responsible
for the rapid spin relaxation observed experimentally [7].
To estimate the uncertainty of the theoretical results,
we performed quantum scattering calculations with
modified 1Σ and 3Σ potentials [31] obtained by shifting
the short-range parts of the potentials by a constant
factor ∆R = ±0.02a0. While this modification results
in a large change of the s-wave scattering lengths, the
calculated inelastic rates at 40 mK vary only by +10.6
−16.6%
as shown in Fig. 2. This is because Yb+-Rb scattering
at the collision energies of interest here (∼20-100 mK)
occurs in the multiple partial wave regime, where the
resonance contributions due to individual partial waves
are averaged out, and the rates are determined by the
value of the SO coupling at the inner turning points of the
interaction potentials. Figure 2 shows that the calculated
upper limit of the inelastic rate agrees well with the
measured value (see Table I), suggesting that left-shifted
Yb+-Rb potentials provide a better agreement with the
measured inelastic rates.
Figure 3 shows normalized product state distributions
P (Fa,mFa ;Fb,mFb) = kFa,mFa ,FbmFb /kinel (3)
calculated from the inelastic rates kFa,mFa ,FbmFb , where
kinel =
∑
FamFa ,FbmFb
kFa,mFa ,FbmFb is the total inelastic
rate for a given |2, 2〉a|Fb,mFb〉 initial state. The inset
of Fig. 3 shows the marginal distribution P (Fb,mFb)
obtained by summing Eq. (3) over all final hyperfine
states of Rb. While the populations of the hyperfine
states |1, 0〉b and |0, 0〉b of Yb
+ are similar, collision-
induced energy transfer into the |1,−1〉b state is about
50 times slower. This selection rule was assumed by Köhl
and co-workers in their analysis of experimental data
[7] and our calculations provide a rigorous justification
of this assumption. The |1, 1〉b → |1,−1〉b transition
is suppressed in first order because the matrix element
of the SO interaction [35] contains the 3-j symbol(
Fb 1 F
′
b
−mFb mFb −m
′
Fb
m′Fb
)
, which vanishes identically
for Fb = F
′
b = 1 and mFb = 1, m
′
Fb
= −1. In contrast,
the dominant transitions to the |10〉b and |00〉b hyperfine
states are allowed to first order.
Figure 3 shows that the product-state distributions (3)
for the dominant transitions to the final states |1, 0〉b
and |0, 0〉b are peaked at the initial state |2, 2〉a of Rb.
While there is clear preference for the initial state |2, 2〉a
to remain unchanged in a collision, hyperfine-changing
transitions to the final states |1, 0〉a and |1, 1〉a also
occur with significant probabilities (∼15-25%), which
are weakly sensitive to the final hyperfine state of
Yb+. The hyperfine distributions for the suppressed
|1, 1〉b → |1,−1〉b transition are, in contrast, peaked at
the lowermost Rb state |1, 1〉a.
The experimental estimates of the Yb+ temperature T
were limited by the lack of insight into an important
heating mechanism involving collisional de-excitation of
the |2, 2〉a hyperfine state of Rb [7, 37]. This temperature
sets the collision energy with ultracold Rb atoms, and
is given by ǫTmax, where Tmax = 240 mK and ǫ is the
probability of Rb hyperfine state change in a Langevin
collision [7]. To improve the experimental estimate of T ,
we calculated ǫ as a sum of transition probabilities to
the F ′a = 1 hyperfine manifold of Rb. For the relevant
|1, 1〉b → |0, 0〉b transition in Yb
+, we calculate ǫ =
4TABLE I: Calculated and measured hyperfine relaxation rates
(in units of 10−10 cm3/s) for F - and mF -changing transitions
in Yb+-Rb collisions at B = 6 G. All rates are computed
from inelastic cross sections at 40 mK except for the |11〉b →
|00〉b transition, for which the thermally averaged rate at T =
150 mK is given.
Transition Theory Experiment
|1, 1〉b → |0, 0〉b 5.40
+0.57
−0.90 6.2(0.3)
|1, 1〉b → |1, 0〉b 3.33 3.4(0.6)
|1, 1〉b → |1,−1〉b 0.19 0
|1, 0〉b → |1,−1〉b 2.62 3.4(0.6)
|1, 0〉b → |1, 1〉b 3.62 5.1(0.6)
∑
mFa
P (Fa = 1,mFa ;Fb = 0,mFb = 0) = 0.64. An
improved estimate of the ion temperature for comparison
with theory is thus T = ǫ×240 mK ≈ 150 mK.
Thus far we have focused on hyperfine transitions from
a single initial state |1, 1〉b in spin-polarized Yb
+-Rb
collisions. Table I compares the results of our scattering
calculations for the other hyperfine transitions in Yb+
with the measured values [7]. We observe quantitative
agreement between experiment and theory for all the
transitions except |1, 0〉b → |1, 1〉b and |1, 0〉b → |1,−1〉b,
the rates of which were not directly measured, but rather
inferred from 174Yb+ measurements [7, 37] under several
assumptions, including (1) the relation γex/γSR = 0.5
between the excitation and relaxation rates based on the
values observed for 174Yb+ [37]; (2) the ratio r of the
|1,−1〉b → |10〉b and |10〉b → |11〉b transition rates is
equal to 1.5 (we find r = 1.4), and (3) the transitions
changing mF by 2 or more are strictly forbidden.
Additionally, collision-induced hyperfine relaxation from
other than the fully spin-polarized initial states of Yb+
can proceed via the spin-exchange mechanism due to
the different phase shifts associated with the singlet and
the triplet potentials [38, 39]. As this mechanism is
more sensitive to the uncertainties of the interaction
potentials, we expect the calculated and experimentally
derived |1, 0〉b → |1, 1〉b and |1, 0〉b → |1,−1〉b transition
rates to be more uncertain than the |1, 1〉b → |0, 0〉b
transition rate. The hyperfine relaxation rates are of the
same order of magnitude (10−10 cm3/s) and they are not
very sensitive to the initial state, which is consistent with
a strong spin-depenendent coupling mechanism between
the internal states, mediated by both S-conserving spin-
exchange and S-changing second-order SO interactions.
In summary, we have presented the first rigorous
theoretical analysis of quantum spin dynamics in cold
heavy ion-atom collisions. Unlike all previous theoretical
models [20–22], our CC approach explicitly takes into
account spin-nonconserving interactions, which play a
critical role in collisions of heavy ions with coolant atoms.
Our calculations show that the lowermost Σ states of
heavy ion-atom complexes exhibit a short-range crossing
Fig. 3: Normalized product state distributions
P (Fa,mFa ;Fb,mFb) (Eq. 3) plotted for a collision energy
of 40 mK and B = 6 G. Adjacent bars correspond to the
different hyperfine states of Yb+: |00〉b (left), |10〉b (middle),
and |1,−1〉b (right). The inset shows Yb
+ product state
distributions summed over all final hyperfine states of Rb.
with the states of Π symmetry, giving rise to a strong
second-order SO interaction (Fig. 1), which leads to
rapid spin relaxation in cold ion-atom collisions. Our
calculated spin relaxation rates are in good agreement
with recent experiments [7] (Fig. 2 and Table I). As the
magnetic dipole interaction makes a negligible contri-
bution to the overall Yb+-Rb spin relaxation rate, we
conclude that heavy ion-atom collision systems exhibiting
strong SO interactions (such as Yb+-Rb and Ba+-Rb
[40]) are unsuitable for quantum technological applica-
tions, which require long spin relaxation and coherence
times. Rather, for these applications, it is advisable to
use light coolant atoms such as Li or Na, where the
SO interactions are weaker. Indeed, recent ab initio
calculations [22] suggest that the 3Π electronic state of
the Yb+-Li complex does not cross the Σ states, which
indicates that the SO interaction in this system will be
suppressed, leading one to expect favorably long spin
relaxation and coherence times. Our quantum scattering
approach can be used to investigate the dynamics of
inelastic relaxation in both light and heavy ion-atom
collision systems. It can also be extended to study
the mechanisms of collisional decoherence of atomic and
molecular ions immersed in ultracold atomic buffer gases
[41], for which the first experimental results have recently
become available [7]. Collisional decoherence is one of
the most fundamental mechanisms responsible for the
quantum-to-classical transition [42], and has so far been
tested experimentally only at elevated temperatures [43].
Suppressing the decoherence mechanisms with external
electromagnetic fields [44] would be an important step
toward quantum technological applications based on
5trapped ion-atom hybrid systems.
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